We examined the in vitro developmental potential of nonactivated and activated enucleated ova receiving cumulus cells at various stages of the cell cycle. Eleven to 29% of activated ova receiving donor cells stopped developing at the 8-cell stage but 21% to 50% of nonactivated ova receiving donor cells at either the G 0 , G 1 , G 2 , or M phase, or cycling cells developed into blastocysts. One normal calf was born after transferring five blastocysts that had developed from ova receiving donor cells at the M phase. The present study demonstrated that direct exposure of donor chromosomes to nonactivated ovum cytoplasm is effective for somatic cell nucleus reprogramming, and activated ovum cytoplasm does not reprogram the nucleus.
INTRODUCTION
Two different cell-cycle stage combinations of donor nuclei and recipient ova are effective for the reprogramming of nuclei of preimplantation mammalian embryos [1] . When nuclei at the G 1 stage are introduced into nonactivated enucleated ova, the nuclear membrane is broken down (NEBD), and the chromosomes of the donor nucleus are prematurely condensed (premature chromosome condensation, PCC) due to the high activity of maturation promoting factor (MPF). After parthenogenetic activation, the nuclear membrane reforms and DNA synthesis begins. The reconstituted ova divide normally, develop into blastocysts in vitro, and then develop to young after transfer to recipients. When nuclei at the G 2 or M stages are introduced, the chromosome constitution of reconstituted ova is normal in that the second polar body is excluded after parthenogenetic activation [2] [3] [4] . The other method is to use activated ova for the recipient cytoplasm. In this case, NEBD and PCC of donor cells do not occur due to the low activity of MPF, but DNA synthesis occurs in relation to the cell cycle stage of the nucleus at the time of nuclear transfer [1] . Activated ova receiving nuclei of preimplantation embryos also divide normally and develop to young. This indicates that the reprogramming of such donor nuclei might occur, without NEBD and PCC, in activated ova during the expansion of donor nuclei. Since the first successful somatic cell nuclear transfer by Wilmut et al. [5] , who used nuclei at a quiescent stage as the nuclear donor, nuclei at the G 0 phase synchronized by serum starvation [6] or contact inhibition [7] have been introduced into enucleated nonactivated ova. In some studies, cells at the G 1 phase [8] or cycling donor cells [9] were also used as nuclear donors. Based on data using cattle, several studies suggest that exposure to nonactivated ovum cytoplasm was effective for reprogramming a donor nucleus from a differentiated cell [8, [10] [11] [12] [13] , but there are no reports that experimentally demonstrated this. Wakayama et al. [14] reported that by using a fundamentally different nuclear transfer method, a small proportion of activated ova receiving mouse cumulus cells developed to blastocysts.
The present study examined the effect of combinations of different conditions of recipient ova and cell cycle stages of donor cells on the in vitro development of nuclear transferred ova. The results indicate that 1) direct exposure of donor chromosomes to nonactivated ovum cytoplasm is effective for somatic cell reprogramming and 2) enucleated nonactivated ova receiving cumulus cells at the M phase can develop to a normal calf after transfer to recipients.
MATERIALS AND METHODS

Isolation and In Vitro Culture of Cumulus Cells
Primary cell lines were established from cumulus cells collected by aspirating 1-to 10-mm follicles of matured bovine ovaries recovered from a local slaughterhouse [6] . The collected cumulus-ovum complexes were cultured in Dulbecco modified Eagle medium (modified DMEM) (Nissui, Tokyo, Japan) [15] supplemented with 10% fetal bovine serum (FBS). Seven to 10 days after cumulus cell growth extended over the bottoms of culture dishes (Nunclon 153066) that were previously coated with 0.1% gelatin (Sigma Chemical Co., St. Louis, MO), cells were dispersed using PBS containing 0.1% trypsin and 0.05% EDTA and transferred to new dishes at concentrations of 7.5 ϫ 10 4 to 3.6 ϫ 10 5 /ml. Cells transferred three to five times were used for the experiments.
Cell Cycle Synchronization and Analysis
The synchronization of the cell cycles to the G 0 /G 1 stage was induced by culturing cycling cells with 0.5% (serum starvation) or 10% (contact inhibition) FBS supplemented medium for 5 to 15 days. For the synchronization of cells to G 1 , cells induced to quiescence by serum starvation were cultured in medium supplemented with 10% FBS containing trichostatin A (0.1 g/ml; Sigma) for 24 h according to the procedures of Yoshida and Beppu [16] . To obtain highly synchronized cells at the S phase, serum-starved cells were cultured with 10% FBS supplemented medium with 7.5 mM thymidine for 24 h. Cells synchronized at the S phase were washed three times with PBS and then cultured with medium containing trichos- tatin A (0.1 g/ml) for 12 to 15 h to synchronize cells in the cycle at G 2 phase [16] . In a preliminary experiment, most of the cells arising from culturing cumulus cells treated with nocodazole (3 g/ml; Sigma) for 20 to 24 h had metaphase chromosomes [17] . The cell cycle stages of pretreated cells were analyzed using flow cytometry [6, 18] . For each cell population, 5000 to 10 000 cells were analyzed in a Partec PA, and percentages within the G 0 / G 1 , S, and G 2 /M phases of the cell cycle were determined using a multicycle program. A bromodeoxyuridine (BrdU) incorporation test was also performed to determine whether cells were in the mitotic phase [19] .
Preparation of Recipient Cytoplasm and Nuclear Transfer
All procedures for nuclear transfer were performed as described previously [6, 19] . In vitro-matured ova were enucleated 22 to 24 h after maturation and used immediately as recipient cytoplasm (nonactivated). The enucleated ova were also used after electric stimulation by two direct current (DC) pulses of 150 V/mm for 25 sec with a 0.1-sec interval following culture in CR1-aa [20] supplemented with cyclohexamide for 6 h (activated). Single donor cells at various cell stages were electrically fused with nonactivated and activated enucleated ova using two DC pulses of 150 V/mm for 25 sec, and for activated ova, fused ova were cultured immediately. For nonactivated ova, fused ova were electrically stimulated twice with DC pulses of 20 V/mm for 20 sec at a 15-min interval to ensure activation, and ova were cultured in CR1-aa supplemented with 10 g/ml cyclohexamide for 6 h. Some reconstituted ova were fixed with fixative and stained with aceto-orcein 1 and 2 h after fusion to examine the donor chromosomes. 
In Vitro Culture and Embryo Transfer
Fused and activated ova were cultured in CR1-aa with 3 mg BSA (fatty acid-free) and on Day 3 (Day 1 was the day of nuclear transfer), embryos were transferred to CR1-aa supplemented with 10% FBS and inactivated fetal mouse fibroblast cells. On Day 7 of culture, they were moved to modified DMEM supplemented with 10% FBS. On Day 8, some blastocysts that developed from nuclear-transferred ova were treated with nocodazole (3 g/ml) for 5 to 6 h to count cell numbers and chromosome constitutions. Five blastocysts that developed from nonactivated ova receiving cumulus cells at the M phase were nonsurgically transferred to five recipients.
Data Analysis
The fusion and developmental rates were analyzed by 2 analysis, and the cell numbers were compared using Student's t-test.
RESULTS
Analysis of the cell cycle stages in cycling cumulus cells using flow cytometry revealed that 71% of the cells were at the G 0 /G 1 phase, 19% were at the S phase, and 10% were at the G 2 /M phase. Most cumulus cells appeared to have entered into the G 0 phase after serum starvation or contact inhibition for only 5 days because the BrdU incorporation rate was less than 10%. Flow cytometry analysis also revealed that 84% of cells treated with serum starvation for 5 days were at the G 0 /G 1 phase, 10% were at the S phase, and 6% were at the G 2 /M phase (Fig. 1A) . After the treatment of quiescent cumulus cells with trichostatin A (0.1 g/ml), 82% were at the G 1 phase (Fig. 1B) , whereas without trichostatin A, 98% had passed into the S phase. Eighty-seven percent of starved cumulus cells cultured with 10% FBS-supplemented medium containing 7.5 mM thymidine were at the S phase (Fig. 1C) . This indicates that most cells at the G 0 /G 1 phase entered into the S phase and did not pass into the G 2 phase, because the G 2 /M phase was low (0.1%). Following treatment with trichostatin A, 65% of thymidine-treated cells were at the G 2 /M phase (Fig. 1D) . Both trichostatin A and/or thymidine treatments were reversible because treated cells returned to the normal cell cycle. After nocodazole treatment, the metaphase plate in each cell could be observed using an inverted microscope with Nomarski optics during nuclear transfer. Because the cells synchronized at the M phase divided within 1 h in manipulation medium, nuclear transfer was completed within 1 h.
As shown in Table 1 , the developmental potential of nuclear-transferred ova is clearly different depending on the condition of the recipient ova. When activated ova were used for the recipient cytoplasm, none of the nuclear-transferred ova receiving cumulus cells at any cell cycle stage developed beyond the 8-cell stage. In contrast, 21% to 50% of nonactivated ova receiving cumulus cells at all cell-cycle stages, except the S phase, developed into blastocysts. Fusion rates varied from 58% to 96% but there was no clear tendency among groups. The potential of nonactivated ova receiving cycling cumulus cells, cells at the G 0 /G 1 , G 1 , G 2 , or M phases to develop into the morula and blastocyst stages was not significantly different. The developmental potential of nuclear-transferred ova was also not different when using methods to synchronize the cell cycle to the G 0 /G 1 phase by either serum starvation or contact inhibition. When both types of ova were fused with donor cells at the G 2 phase, all of them did not exclude a second polar body. When donor cells at the M phase were fused with nonactivated or activated ova, 27% or 18% of fused ova excluded the second polar body. Although the potential of ova with or without a second polar body to develop into blastocysts was not different, chromosomal analysis revealed that ova with the polar body were diploid but ova without the polar body were tetraploid. The blastocyst cell number was not significantly different among any groups. When nuclei at the G 0 /G 1 , G 1 , S, or G 2 phases were fused with nonactivated ova, NEBD and PCC were observed in all ova within 1 h after fusion. Although the frequency was not determined, the condensed chromosomes separated into two masses (Fig. 2, A through C) . In all ova receiving a nucleus at the M phase, the chromosome mass divided into two 1 h after fusion (Fig. 2D) . Two hours after fusion, each chromosome mass observed in such nucleartransferred ova changed into pronuclei, irrespective of the donor cell cycle (Fig. 2, E through H) . The ova with one condensed chromosome mass might form one pronucleus (data not shown). Some ova receiving a nucleus at the M phase also had one pronucleus in the ovum cytoplasm (Fig.  2H) because the second polar body was excluded. When cells at the G 0 /G 1 , G 1 , S, or G 2 phases were fused with activated ova, NEBD and PCC did not occur (Fig. 3 , A through C and E through G). When cells at the M phase were fused, one or two condensed masses of chromosomes were observed 1 h after fusion (Fig. 3D) , and they formed pronuclei 2 h after fusion (Fig. 3H) . The spindle was observed between two chromosome masses (data not shown).
When five blastocysts developed from nonactivated ova receiving donor cells at the M phase, containing the second polar body, were nonsurgically transferred to five synchronized recipients, one recipient became pregnant and produced one normal live female calf. The gestation period was 275 days, and the body weight at birth was 18.2 kg. The body weight on 25 May 2000, at 206 days old was 105 kg.
DISCUSSION
The present study clearly demonstrates that the direct exposure of donor chromosomes to nonactivated ova is effective for the reprogramming of bovine somatic cell nuclei, but activated ovum cytoplasm does not reprogram the nucleus. All activated ova receiving cumulus cells stopped developing at the 8-cell stage, regardless of the cell cycle of the donor cells. Because embryonic genome activation of bovine embryos occurs between the 8-to 16-cell stages [21] , new transcription in the nuclear-transferred ova apparently did not occur. The present study is the first to demonstrate that blastocysts that developed from nonactivated ova receiving cumulus cells at the M phase have the potential to develop into normal calves, as do mouse ova receiving a nucleus from preimplantation embryos [22] or embryonic stem cells [4, 23] . The nonactivated ova receiving nuclei at all cell stages except the M phase had either one or two condensed chromosome masses and subsequent pronuclei. The exact reason for the difference in the number of pronuclei formed is not clear. It might depend on the period of exposure to high levels of MPF activity; ova with a low MPF level formed one pronucleus, and ova with high MPF levels formed two pronuclei [10] . The relationship between the number of pronuclei formed after nuclear transfer and the developmental potential of nuclear-transferred ova is not clear. Rearrangement of donor chromosomes in recipient ova does not necessarily indicate nuclear reprogramming because donor nuclei in the M phase that fused with activated ova also had two separated pronuclei. Although the cytoplasmic factor(s) for reprogramming somatic cell nuclei disappeared soon after parthenogenetic activation, their molecular nature is unknown.
In contrast, reprogramming of embryonic nuclei occurs in activated and nonactivated ova [1] . Because the synchronization of the cell cycle of bovine and sheep embryonic nuclei is difficult, cloned animals have been produced by fusing the blastomere of a preimplantation embryo with an activated ovum. Although the nuclear membrane of donor cells is intact in activated ova, DNA synthesis occurs according to the original cell cycle stage at the time of nuclear transfer [1] , and nuclear reprogramming occurs during the expansion of the donor nucleus [24] . Normal sheep have also been produced after transfer of activated or nonactivated ova receiving cultured embryonic disc cells [25] .
The present study clearly demonstrates that nonactivated enucleated ova receiving cumulus cells at all cell cycle stages, except the S phase as demonstrated in embryonic nuclei [1, 26, 27] , developed into blastocysts. In the present study, the potential of nonactivated ova fused with cells at the M phase to develop into live calves was confirmed, but previous studies [6, 8, 9] indicate that ova receiving somatic cells at the G 0 or G 1 phase or cycling cells that might be at the G 1 phase could also develop into calves. The blastocysts that developed from donor cells at the G 2 phase did not develop into calves because they had tetraploid chromosome constitutions due to failure of the second polar body to be excluded. Polar body expulsion was observed in some cases, however, when donor cells at the M phase were fused with both activated and nonactivated ova.
In conclusion, the requirements for somatic cell nucleus reprogramming are different from those for embryonic cell nuclei. Somatic cell nuclei at the M phase can also be reprogrammed in nonactivated ovum cytoplasm.
